Abstract
INTRODUCTION
Demands to use Permanent Magnet (PM) motors are increasing more and more because of its high performance and ideal control characteristics [Ta and Hori, 2001; Blaabjerg and Pedersen, 1993] . The recent development of rare-earth permanent magnet (PM) materials, power electronic components and simulators have contributed to new energy efficient, high performance electric drives that use modern PM synchronous motors [Ta and Hori, 2001; Blaabjerg and Pedersen, 1993; Joorabian et al., 2009] . Regarding to the appearance of rare-earth PMs, PM motors obtain higher efficiency, power factor, power density and better dynamic performance than other types of conventional motors without sacrificing reliability [Blaabjerg and Pedersen, 1993] . The most important advantage of PM motors is their ability to work in the wide constant power speed range [Joorabian et al., 2009] which causes a vast amount of attention to the PM motors in a different types of automotive applications and electric vehicles. For industrial applications such as electric vehicles, high efficiency is very important to increase the range per battery charge under all operating conditions [Monga et al., 2012] . In compact electric vehicles, PMSMs are usually designed with maximum torque per volume. Therefore, their power density is high. This characteristic leads to high losses density in the machine. The heat dissipation is a complex issue in this type of motor. Decreasing the losses and working at optimal point to generate minimum losses will be an effective control strategy for this type of application. In this paper, a novel loss minimization aspect has been introduced and evaluated in order to find the optimal losses point of vector control drive and PM motor for all operating points. The controller tries to minimize the overall losses from the motor and inverter. The researchers proposed different minimumloss control strategies previously. All of these methods are divided in three groups; Search method [Ta and Hori, 2001] , Loss model method [Blaabjerg and Pedersen, 1993] and Power factor method [Joorabian et al., 2009 ]. The losses model approach has been employed in order to estimate the losses energy in the different operating conditions. The precise losses model of the PM motor and VSI has been derived using analytical analysis. The validity of the controller performance has been evaluated using analytical approach and real time simulator. Analytical approach estimates the precise value of the losses, but it is very difficult to implement in the simulation and usually it passes up. Real time simulators have resolved this problem. In this research, a real time simulator has been employed to verify the simulation results. Real time simulators are composed of software and hardware sections. OPAL-RT Company introduces the RT-Lab as the software which compiles the model in order to implement in the hardware section. It is fully integrated with Matlab/Simulink and compiles the generated model in the sympower library. OP4500 is a real time hardware simulator which is used to execute the power electronic models. OP4500 utilizes the exact IGBT and Diode and power system elements model using FPGA technology. Moreover, other parts of the simulation are executed by the powerful CPUs of OP4500. The Real time simulator helps us to execute the very complex power electronic model in real time to evaluate the dynamic setting of the controller and power quality of the converter [Monga et al., 2012] . This is a valuable step in order to design the high power converters which are very expensive and time consuming to implement.
THE HARMONIC LOSSES MODEL IN PMSM MOTORS
One of the advantages of PMSMs is their higher efficiency than induction motors when used in adjustable speed drives [Monga et al., 2012] . G. Slemon (1990) proposed an analytical approach in order to calculate the fundamental losses of PMSM [Slemon and Liu, 1990] . In 2008 a theoretical study has been done to calculate the effect of PWM parameters on the iron losses [Ruifang, 2008] . Regarding to the copper losses, measuring the effective value of the current is acceptable. 
The core losses in the machine consist of two components, i.e., hysteresis and eddy current losses. Both types of core losses are due to time variation of the flux density in the core. The value of flux density is not equal in the yoke and tooth section. 
We consider that λ y,n = mλ t,n where m is dependent to the mass proportion of tooth to yoke. Therefore,
Similarly, for the eddy current losses, we will have the equation below:
THE LOSSES IN THE VOLTAGE SOURCE INVERTER
The inverter losses are often separated in conduction losses and switching losses [Casanellas, 1994] . The conduction losses (P con ) are the losses of the IGBT or diode in the ON position. The switching losses are the most important proportion of the inverter losses. They are directly related to the switching frequency. Also, in order to calculate the precise value of the switching losses, it is necessary to consider the ON/OFF fitting curve of the switch. Most of the previous researches employed the approximation method to calculate the switching losses. In this research, the exact model of the IGBT has been used by the real time simulator. The total inverter losses will be written as below [Casanellas, 1994; Zabihinejad and Moghani, 2008] ,
DYNAMIC MATHEMATICAL MODEL OF PMSM LOSSES
The equivalent circuit of q-axis and d-axis of the PMSM are shown in Figure 1 respectively. These are the most precise circuit model which are conventionally used to calculate the copper and iron losses in the same platform. It is clear that the iron losses and mechanical behavior of PMSM are not independent parameters. The armature current which is passed through R s , is converted to electromagnetic torque (I qm , I dm ) and iron losses (I qFe , I dFe ).
In the steady-state condition, the currents of I dFe , I qFe will be as below: 
Therefore, the input power versus the current is written as below:
where,
FINDING THE OPTIMAL OPERATING POINT
In PMSM motors, the electromagnetic torque is dependent to I qm . Therefore, in each operating point of the motor, there is an optimum value for I dm which generates the minimum motor losses. In order to find the optimum point, we need to have the total value of power from the inverter input. The total input power will be:
The minimum value of the total power is determined by the equation below. 
The optimum value of I d will be determined solving the above equation. It a nonlinear equation which needs a numerical approach to solve.
SIMULATION AND RESULTS ANALYSIS
In this research, a 6-IGBT module, from Fuji Electric Company, has been used. The switching losses and conduction losses of the inverter versus the phase current is shown in Figure 2 . design of the PMSM has been done using Flux-3D software. It is possible to calculate the iron losses versus mechanical speed using electromagnetic software. The inverter losses are directly calculated using the SIMULINK system. The losses of the PMSM and drive versus d-axis current in the nominal condition are shown in Figure 4 . It is clear that optimal control is not happening in the zero value of I d . The value of optimal I d is calculated based on the value of speed, q-axis current and motor parameters. Figure 5 shows the optimal Motor losses for different value of the speed and I d . The optimal I d has been calculated by solving the nonlinear equations of the loss minimization algorithm which was explained in the previous section.
STEP RESPONSE OF FOC WITH LOSS MIN-IMIZATION ALGORITHM
The step response of the FOC algorithm with loss minimization strategy has been investigated in Simulink/MATLAB. The step response is a suitable criterion to evaluate the performance of algorithm. Figure 6 shows the step response of the speed and electromagnetic torque. Control system keeps the electromagnetic torque at maximum value in transient state. The variations of q-axis and optimal d-axis current in the step response with loss minimization algorithm are shown in Figure 7 . The proposed loss minimization algorithm chooses the optimal value of d-axis current in transient and steady state condition. The results prove that increasing the value of electromagnetic torque increases the optimal value of d-axis current. [Tavernini et al., 2009] , traffic management [Maroto et al., 2006] , and medicine [Lerotic et al., 2009] . The implementation of power electronic converters is very expensive and time consuming, especially in high power applications. In electric vehicle applications, the stability and reliability of the controller performance in the various operating conditions is an important point of the design process. Real time simulators are known as a very effective approach to verify 6 Step response of the speed and torque Fig. 7 Step response of q and d-axis currents with loss minimization algorithm the model dynamics and controller settings validation. In this research, OP4500, a real time simulator from OPAL-RT Company, has employed to evaluate the controller design. The RTSs often have two main sections; software and hardware. The software is a computer program which connects the simulation files to the hardware. OPAL-RT introduces the RT-Lab as a software that receives the Matlab/Simulink files and translates them in order to load and execute. The OPAL-RT hardware is composed of two main sections; CPU and FPGA. The power system and power electronic components are directly implemented in FPGA section. The RT-LAB uses the precise model of IGBT, diodes and other power electronic components. The control system component is executed by the CPU section. All simulation sectors must execute in real time. Figure 11 shows the OP4500 and the setup which was prepared for this research. In order to implement the FOC drive in the real time simulator, the components are divided in to two sections. Power electronic components are implemented in FPGA section in order to generate fast response for real time performance. PMSM machine and controller are implemented in the CPU section. Figure 8 shows the OP4500, the real time simulator which is used in this project. The OP4500 has two independent FPGA modules supporting 24 power electronic switches each. The FPGA modules execute the exact model of the IGBTs and diodes in real time, causing a real time simulation with precise results. 
SIMULATION WITH REAL TIME SIMULA-TOR

REAL TIME SIMULATION RESULTS
CONCLUSION
In this paper, an effective design approach has been investigated in order to design an efficient vector control drive of a high speed PMSM for electric vehicle application. Losses minimization strategy for a high speed PMSM has been simulated and evaluated using two different approaches. The concept of vector control drive with losses minimization algorithm is verified by the Matlab/Simulink and real time simulator results. Real time simulator is an effective and valuable approach to demonstrate the validation of the controller setting in power electronic design, especially in high power applications [Tavernini et al., 2009; Maroto et al., 2006; Lerotic et al., 2009] . The results of the controller have been compared with conventional drive which sets the d-axis current to zero. The simulation results proved that the losses minimization algorithm decreases the motor losses and increases the overall efficiency of the motor and drive. Implementation of high speed PMSM, especially in electric vehicle technology is very expensive and risky. Real time simulator helps us to evaluate the simulation results. The OP4500 -OPAL-RT simulator was used in this research. The results with RTS proved the simulation results. Fig. 8 Implementation of the drive with OP4500 Fig. 9 Step response of speed and Torque in RTS Fig. 10 Step response of q and optimal d axis currents in RTS
